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1. I n t r o d u c t io n
M a g n c to h y d ro d y n a m ic s  is c u rre n tly  u n d e rg o in g  a p e rio d  o f  
urcat e n la rg e m e n t a n d  d if fe re n tia t io n  o f  su b je c t m a tte r . T h e  
intcrc.st in th e s e  n ew  p ro b le m s  s te m s  fro m  th e ir  im p o rtan ce  
in liquid  m e ta ls , e le c tro ly te s  an d  io n iz e d  g ase s . T h e  th e rm a l 
physics o f  M H I)  p ro c e s se s  an d  M H O  m ass  tra n s fe r  a re  o f  
interest in p o w e r e n g in e e r in g  an d  m e ta llu rg y . T h e  b o u n d a ry  
/o n e  b e tw een  h y d ra u lic s  a n d  th e rm a l p h y s ic s  is th e  a re n a  o f  
m any c ro ss  g a lv a n o  an d  th e rm o m a g n e tic  e ffec ts , fh e s e  
p henom ena arc  im p o rta n t in th e  s tu d y  o f  se m ic o n d u c to r  
m aterials. In m a g n e to h y d ro d y n a m ic s , s e r io u s  a tten tio n  has 
been g iven  o n ly  to  th e  tra n sv e rs e  g a lv a n o m a g n e tic  e ffec t i.a.. 
Hall effec t; c ro s se d  p h e n o m e n a  a lso  o c c u r  in th e  in te rac tio n  
o f  heat and  m ass  tr a n s fe r  an d  h y d ra u lic s  an d  m ass  tra n s fe r  
processes. T h e  p ro b le m  o f  m a g n e to h y d ro d y n a m ic  v isco u s  
How w ith H all c u r re n t h a v e  b e e n  s tu d ie d  by  sev e ra l w o rk e rs  
M - l l ] .  H a rtm a n n  [1 2 ] h a s  o b ta in e d  an  e x a c t so lu tio n  o f  
n iag n e to h y d ro d y n am ica l e q u a tio n s  o f  v isco u s  in co m p ress ib le  
Huid. T he re su lts  o b ta in e d  by  H a rtm a n n  a re  a p p lic a b le  to  
ohrnic flu id  h a v in g  iso tro p ic  c o n d u c tiv ity  t.e. liq u id  m eta ls . 
1 he m ech an ism  o f  c o n d u c tio n  in io n ized  g asse s  ( lo w  d en sity )
in p re sen ce  o f  s tro n g  m ag n e tic  fie ld  is d if fe re n t fro m  th a t in 
m e ta llic  su b s tan ce . T h e  e lec tric  c u rre n t in io n iz e d  g as  is 
u su a lly  ca rr ie d  by  e le c tro n s  w h ich  u n d e rg o  su c c e s s iv e  
c o lliso n s  w ith  o th e r c h a rg e d  o r  n eu tra l p a rtic le s . In ca se  o f  
io n ized  gas, the  c u rre n t is n o t p ro p o r tio n a l to  a p p lie d  
p o ten tia l e x cep t w h en  the  e lec tric  fie ld  is v e ry  w eak . W h en  
th e  e lec tric  field  is s tro n g , th e  c o n d u c tiv ity  o f  io n ized  g as 
IS a ffec ted  by th e  m ag n e tic  fie ld . D u e  to  g y ra tio n  an d  d rif t 
o f  c h a rg e d  p a rtic les , th e  c o n d u c tiv ity  p a ra lle l to  th e  e le c tr ic  
f ie ld  is r e d u c e d  a n d  c u r r e n t  is in d u c e d  in  th e  d i r e c t io n  
n o rm al to  bo th  e lec tric  and  m ag n e tic  fie lds. T h is  p h e n o m e n o n  
is k n o w n  as H all e ffec t. T h e  e ffe c t can  be ta k e n  in to  a c c o u n t 
w ith in  th e  ran g e  o f  n ia g n e to h y d ro d y n a m ic a l a p p ro x im a tio n .
U n d er th e  in f lu en ce  o f  e lec tr ic  an d  m a g n e tic  fie ld s , 
d isp e rsed  p a rtic le s  b eg in  to  m o v e  re la tiv e  to  th e  su p p o r tin g  
m ed iu m . 1 h is m o tio n  d is ru p ts  th e  e q u illib r iu m  d is tr ib u tio n  
o f  the  p a rtic le s  in th e  s tream . M o re o v e r, th e  f ie ld  can  o r ie n t 
the  p a rtic les , c h an g e  th e  s tru c tu re  o f  th e  s tre a m  etc. A ll th e se  
fac to rs  c a n n o t a lw ay s  be  tak en  in to  a c c o u n t w ith in  th e  sc o p e  
o f  p s e u d o h o m o g e n o u s  a p p ro x im a t io n . T h is  m a k e s  it 
n ecessa ry  to  d e v e lo p  h y d ra u lic s , th e rm a l p h y s ic s  an d  m ass  
tra n s fe r  d irec tly  fo r tw o  an d  m u ltip h a se  sy s te m s .
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T h u s th e  stu d y  o f  heat and  m ass tra n sfe r  in case  of" 
in co m p ress ib le  e lec trica l c o n d u c tin g  m ed ia , m u s t rece iv e  th e  
sam e  a tten tio n  g iv en  to  h y d ra u lic  an d  e le c tro d y n a m ic  
p ro cesses  S o m e tim es the flu id  How is d riv en  o r m o d ille d  
by d en sity  d iffe re n c e s  cau sed  by te m p e ra tu re , ch em ica l 
co m p o s itio n  d iffe re n c e s  and  g rad ien ts  and  m a te ria ls  o r p h ase  
co n stitu tio n . H o w e v e r flow  a ris in g  from  d if fe re n c e s  in 
con cen tra tio n  or m aterial con stitu tio n  a lone  and  in co n ju n c tio n  
w ith  te m p e ra tu re  e ffec ts , c au ses  b u o y a n c y  e ffec ts . H all 
e ffects im pose  so m e res tric tio n s on the reg im e  o f  ap p licab ility  
o f  m an y  so lu tio n s  in w h ich  p a rtia lly  io n ized  g ase s  arc  
an a ly sed  u sin g  c o n tin u u m  M U D . T h e re fo re , it is in te re s tin g  
to in v es tig a te  flo w s resu ltin g  from  b u o y a n c y  fo rces w h ich  
arise  from  a c o m b in a tio n  o f  te m p e ra tu re  an d  sp e c ie s  
c o n cen tra tio n  e ffec ts  o f  c o m p a ra b le  m a g n itu d e  w ith  H all 
e ffec t
In th is p ap er, the  e ffec t o f  H all cu rren t on  the  u n s tead y  
free  c o n v ec tio n  flo w  o f  a v isco u s  in c o m p re ss ib le  an d  
e ie c ln c a lly  c o n d u c tin g  flu id  re su ltin g  from  th e  s im u lta n e o u s  
th e rm al and  m ass d iffu s io n  a lo n g  an a c c e le ra te d  v e rtica l 
p o ro u s p la te  (e le c tr ic a lly  non  c o n d u c tin g )  su b jec ted  to  a 
co n stan t m ag n e tic  fie ld  p e rp e n d ic u la r  to  the  p la te , h as been  
in v es tig a ted  T h e  e ffec t o f  heat so u rce  has a lso  been  s tu d ied  
In o rd e r to  o b ta in  s im ila r  so lu tio n , w e c o n s id e r  v{t)at ' " 
and  so lu tio n s  are o b ta in ed  fo r a sm all tim e v a lu e , tix p re ss io n s  
fo r v e lo c ity  and  skin  fr ic tio n s  a re  o b ta in e d  in case  o f  sm all 
m ag n e tic  n u m b ers  and  h eat so u rce  p a ra m e te r  T he  n u m erica l 
resu lts  fo r the v e lo c ity  d is tr ib u tio n s  (p r im ars  and seco n d a ry ), 
sk in  fr ic tio n , te m p e ra tu re  d is tr ib u tio n s ,  c o n c e n tra t io n  
d is tr ib u tio n s  are  p re sen ted  g ra p h ic a lly  and  th o s e  o f  sk in  
f r ic t io n s  a re  g iv e n  m ta b u la r  fo rm  T h e  p re s e n t  d iscu ssio n  
is co n fin ed  to  the  case  w h en  /V  (P ra n d tl n u m b e r)  0.71 (fo r  
a ir) and .Vc (S c h m id t n u m b e r)  is o th e r  than  u n ity
2. B asic  m a th e m a t ic a l  a s p e c ts
C o n sid e r the  u n stead y  flow  o f  a v isco u s  in c o m p re ss ib le  and  
e lec trica lly  c o n d u c tin g  flu id  past an in fin ite  v e rtic a l p o ro u s  
p la te  located  at v 0 m o v in g  u n ifo rm ly  in its o w n  p lan e  w ith  
a v e lo c ity  (Jot (w h e re  Uo is co n s ta n t v e lo c ity  an d  / is th e  tim e 
v a ria b le )  in p resen ce  o f  tran sv e rse  m a g n e tic  field  and  h eat 
sou rce . T he  flu id  in c o n ta c t w ith  the p la te  o c c u p ie s  the 
reg ion  y  > 0 and  is su p p o sed  to  be at rest in itia lly  an d  at 
in fin ite  a t / > 0. T he  a ax is  is cho.sen a lo n g  the p la te  in u p w ard  
d irec tio n  w h ile  r  ax is is ch o sen  n o rm al to  it an d  aw ay  from  
the p la te  su rface  A ll the  p ro p e rtie s  o f  the flu id  a re  a ssu m ed  
to  be co n stan t, e x cep t th e  bod y  fo rce  term  c a u s in g  b u o y an cy  
effec t. T h e  e ffec t o f  H all cu rren t g iv es  rise  to  a fo rce  in the 
r  d irec tio n  w h ich  in d u ces  a c ro ss  flow  in that d irec tio n . T h u s 
th e  flow  b eco m e  th ree  d im en sio n a l. I 'h c  e q u a tio n  g o v e rn in g  
the  flow  o f  flu id  to g e th e r w ith  M ax w e ll 's  e le c tro m a g n e tic  
e q u a tio n s  are  as fo llo w s [5]
C o n tin u ity  e q u a tio n
V .P  = 0 ,  ( I )
M o m en tu m  e q u a tio n
\ ) y   ^ ~ gfl(T -T^)
p
+ g ^ ’ ( C - C „ )  +  ^ ( . / x . f l ) ,  (2 )
K ncrgy  e q u a tio n
~  + ( K V ) 7 '=  A .'V -y 
Pt
G e n e ra lise d  O h m 's  law
J = a ( E ^ V x B ) - — - VP, )
c'n,.  ^ ‘  '
(3 )
(4 )
M ax w e ll 's  e q u a tio n s
V x / / - 7 ,  V x £  =  0 , V . / ? = 0 ,  (5 )
w h e re  F  is the  v e lo c ity  v e c to r , t th e  tim e , B th e  m a g n e tic  
in d u c tio n  v ec to r , E th e  e le c tr ic  f ie ld  v e c to r , . /  th e  C u rre n t 
d e n s ity  v e c to r , P th e  p re s su re  o f  th e  f lu id , P, th e  e lec tr im  
p re ssu re , p  th e  d e n s ity  o f  th e  flu id , cr ( ^  c~n,z,/m,) the  
e le c tr ic a l c o n d u c tiv ity , c th e  e le c tro n  c h a rg e , n, th e  e le c tro n  
n u m b e r d e n s ity , r, th e  e le c tro n  c o llis io n  tim e , m, th e  m ass 
o f  an e le c tro n . I f  the  m a g n e tic  R e y n o ld  n u m b e r  is sm all, 
in d u ced  m a g n e tic  fie ld  is n e g le c te d  in c o m p a r iso n  w ith  the 
ap p lie d  m a g n e tic  fie ld , so  th a t B - (0 , Bo, 0 )  |1 3 ] .  T he 
e q u a tio n  o f  c o n se rv a tio n  o f  e le c tr ic  c h a rg e  V J  * 0  g iv e s  Jy 
-  c o n s ta n t, w h e re  ./ (.A, ./,, ./-). A s th e  p la te  is non
c o n d u c t in g , ./, 0 at th e  p la te  an d  h e n c e  z e ro  e v e ry w h e re .
C o n s id e r in g  th e  m a g n e tic  fie ld  s tre n g th  to  be  v e ry  la rg e , the 
c o rre sp o n d in g  g e n e ra lis e d  O h m 's  law  in th e  a b se n c e  o f  
e lec tric  fie ld  la k e s  the  fo llo w in g  form
fD^cri ('x + ^
/i(i I en,. (6 )
w h ere  (o,{-eBo ' ni,) is th e  e le c tro n  f re q u e n c y . F o r  w eek ly  
io n ised  g a se s  th e  e le c tro n  p re s su re  g ra d ie n t a n d  io n sh ip  
e ffe c ts  (a r is in g  o u t o f  im p e rfe c t c o u p lin g  b e tw e e n  io n s  and 
n e u tra ls )  a rc  n e g le c te d . T h en  e q u a tio n  (6 )  re d u c e s  to
and
, ctBo . ,
I + m-
, , .J ,  = — — - ( t i ^ m w )
I -I- m -
(7)
(8)
w h ere  //. r a n d  ir  a r e .v , r  an d  r  c o m p o n e n ts  o f  v e lo c ity  v ec to r 
re sp e c tiv e ly , m is th e  H all p a ra m e te r  d e f in e d  b y  m =
A s th e  p la te  is in f in ite  in le n g th , a ll th e  v a r ia b le s  in this 
p ro b lem  are  fu n c tio n s  o f  y  an d  i. U n d e r  th is  co n d itio n , 
D o u ssin esq  a p p ro x im a tio n  e q u a tio n s  g o v e rn in g  th e  flow s 
are  as fo llo w s .
C o n tin u ity  e q u a tio n
=  0 (9)
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M om entum  e q u a tio n
dll du d^u
— + V-r =V-,
dt dv dy^
+  + + (1 0 )
v a lu es  o f  tim e  v a riab le . T o  fin d  so lu tio n s  o f  eq . (1 0 )  an d  
( I I ) ,  w e e x p a n d  th e  d e p e n d e n t v a r ia b le s  in p o w e r  o f  
h y d ro m a g n e tic  p a ra m e te r  (Ml) as g iv en  b e lo w
'T'
^ ^  ^  ( M /) ' w, ( 7 ) .
/ 0
d-  vr aBidw dvi' _
dt ^ '  d y  '  dy- p(\  +  m~)
(u'~mu) ( I I )  n ( / / , / )  -  f /( ig /? ^ A )^ " '-^ (A /z ) 'H ;(7 7 )^ (1 6 )
Energy e q u a tio n
dd dO
--I' V- d^ O^
dt dy dy-
h q u a tio n  o f  sp e c ie s  c o n c e n tra tio n





w here 0 is th e  lo ca l le m p c ra iu re  e x c e ss  i c. th e  d if fe re n c e  
betw een th e  lo ca l te m p e ra tu re  an d  th a t at a v e ry  large 
d istance from  th e  p la te , w h e re  te m p e ra tu re  T is c o n s ta n t and  
equal to  J l(0 = T -T ^ ,) .  S im ila r ly  y tlie
acce lera tio n  d u e  to  g ra v ity , T is th e  te m p e ra tu re  o f  Ilu id  
w ithin the  b o u n d a ry  lay er, C  is th e  sp e c ie s  c o n c e n tra tio n , p  
IS the v o lu m e tr ic  c o e ff ic ie n t o f  th e rm a l e x p a n s io n , ( f  th e  
v o lu m e tr ic  c o e f f i c i e n t  o f  t h e r m a l  e x p a n s i o n  w ith  
co n cen tra tio n , v is th e  k in e m a tic  v is c o s ity , Pr ( pCfJk) is 
the P randtl n u m b e r , / / t h e  d y n a m ic  v isc o s ity . ()?, the  sp ec ific  
heal at c o n s ta n t p re s su re , k th e  th e rm a l c o n d u c tiv ity . Sc 
( v/D) th e  S c h m id t n u m b e r  an d  D  is th e  c h e m ic a l m o le c u la r  
d iffiisiv ity  A is th e  h e a t g e n e ra tio n  p a ra m e te r . In e q u a tio n
( 1 2 ) the te rm  d u e  to  v is c o u s  d is s ip a t io n  is n e g le c te d  an d  in 
eq (13 ) th e  te rm  d u e  c h e m ic a l re a c tio n  is a ssu m e d  to  be 
absent.
T he initial an d  b o u n d a ry  c o n d itio n  fo r  th e  p re sen t p ro b lem  
arc g iven  as fo llo w s  :
! / ( > ' , / ) - iv ( y , / )  =  0 , Z?(y,Z) =  0 , r ( ) \ / ) - 0 ,
everyw here  fo r  / < 0 ;
n i 0 j ) ^ 0 .  6 ^ ( 0 . / ) -
C’( 0 ,Z)=^ at / > 0
z/(oo,z) =  U'(ao,Z) -  0 , 0{<X)J) ~ 0 , C{^\()  -  0
fo r / > 0  (1 4 )
w here a  is a p o s i t iv e  in te g e r , 0()(= l\,-T^ ) an d  ( \)  
( ^  \i -  ) a re  c o n s ta n ts .
From  eq. (9 )  it fo l lo w s  th a t  v is  e i th e r  c o n s ta n t o r  fu n c tio n  
^ f  tim e a o n ly . A c c o rd in g  to  H a s im o to  [ I4 J , s im ila rity  
solutions o f  eq s . ( 1 0 - 1 3 )  w ith  th e  b o u n d a ry  c o n d itio n  (1 4 ) 
tixist only  if  w e  c o n s id e r
V '(/)^ --^ ,/-"» /2  ^ (1 5 )
w here a is c o n s ta n t. F o r su c tio n , a > 0 , a n d  fo r in jec tio n  o r 
Flow ing a < 0 . |t  is n o te d  th a t th e  so lu tio n  is v a lid  fo r  sm all
w h e re  M -  ctB^  ! p  (m a g n e tic  fie ld  p a ra m e te r )  an d  t] =
y
' y^fvi s im ila rity  v a riab le .
S in ce  eqs (1 2 ) an d  (1 3 ) a re  in d e p e n d e n t o f  a b o v e  
v a riab le s , th e re fo re  w e seek  ,so lu tions to  ( 1 2 ) an d  (1 3 )  in th e  
fo llo w in g  fo rm .
0 = l \t^^\l(n)  (1 7 )
r= = C „ z -^ '. t r ( 7 ) -  (1 8 )
N o w  su b s titu tin g  ( 17), ( 18) to g e th e r  w ith  ( 15 ) an d  ( 16 ) in to  
eq s ( 1 0 - 1 5 )  an d  e q u a tin g  c o e ff ic ie n ts  o f  e q u a l p o w e rs  o f  
(Mt). w e o b ta in  the  fo llo w in g  set o f  e q u a tio n s  :
r  + 2Pff\Tj t a)-4Pr{a-^-s-¥ I ) /  0 ,
-i-2 .Sc.e'(//  ^ a)-4Sc(a-^\)^  = 0 , 
i/(V + 2 (7 /+  //)//,; - 4 ( a  'H2 )i/ft -  - 4 / - 4 ^ e .
n f 47/, -i-2(;;-K6j )77| 4(tt -i-3)i/, = — ^ ( , / „  + w w q ),
, , 4
111 +2(77 + u)iii -  A{(x + 4)ih  = ---- - ( u \  -I- n n v i ),
" I + 777 *
w ' l l  + 2(7/ + //)m’(', - 4 ( a  + 2 )u 'q = 0 ,
4
n r-i-2(7/-i t;)n-,' - 4 ( a 4 - 3 ) w ,  ) ,
4
M l + 2( n a)wi -  4 ( a  + 4 )n  -) = -------- =r( Wi -  mu\ ),
1 + 777 -
(1 9 )
w h e re  N = -------;-------------( 2 0 )
M - r . )
T h is  q u an tity  m easu re s  th e  re la tiv e  im p o rta n c e  o f  c h e m ic a l 
and  th e rm al d iffu s io n  m c a u s in g  th e  d e n s ity  d if fe re n c e  
w h ich  d riv es  the (low  It is to  be n o ted  th a t N is z e ro  fo r no  
sp ec ie s  d iffu s io n , in fin ite  fo r n o  th e rm a l d if fu s io n , p o s itiv e  
fo r bo th  e ffec ts  c o m b in in g  to  d riv e  th e  flo w  an d  n e g a tiv e  fo r  
e ffec ts  o p p o se d  [1 5 ] .
The c o rre sp o n d in g  b o u n d a ry  c o n d itio n s  a re  as fo llo w s  
//() I, //y - 0, n v i  ^
/  - I, g  - 1, at 0; (2 1 )
u,.\ -  0, nv-i 0 fo r  / ^ I , 2 , 3;
/  '  0 , g  - 0  as 7; -► Qc.
N o w  so lv in g  th e  c o u p le d  eq. (1 9 )  to g e th e r  w ith  th e  b o u n d a ry  
c o n d itio n s  (2 1 ) fo r Pr  ^ I an d  Sc ^  1, w e  o b ta in
40
/ ( 7 )  = 
j r ( 7 ) "
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W / 7 2 , „ , w l | ( V 2 / V ( 7 7 - l- t 7 ) )
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where the fu n ctio n  Hh^z) is d e fin ed  by
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(2 8 )
(2 9 )
All other p ro p ertie s  o f  th is fu n c tio n  hav e  been  d iscu ssed  by 
Jeffreys and Je ffrey s  [16]. R ela tio n s (1 6 ) to g e th e r w ith  (19), 
(21 29) give the  requ ired  eq u atio n s for prim ary  and  secondary  
velocity co m p o n en ts  u and  w resp ec tiv e ly . D uring  the 
numerical ca lc u la tio n s  o f  th e  v e lo c ity  fu n c tio n s, th e  value  o f  
Pt IS chosen to  be 0.71 w h ich  rep resen ts  a ir at 20°C . T he 
values o f  S ch m id t n u m b e r Sc a re  ch o sen  such  th a t they  
represent the d iffu s in g  c h em ica l sp ec ies  o f  m o st com m on  
inierest in air (fo r  ex am p le  in a ir  d u e  to  p resen ce  o f  H 2 , C O 2 , 
MiO and N H i, th e  v a lu es o f  5 c  a re  0 .2 2 ,0 .9 4 , 0 .6 0  and  0 .78  
[171). The va lu es o f  b u o y an cy  ra tio  p a ram e te r ch o sen  to  be
2, I 0, -0.5, - 1 an d  -2, c o v e rin g  a w ide  ran g e  fo r d iscussion , 
ut w eakly ion ized  flu id , th e  v a lue  o f  H all p a ram ete r m is
less than u n ity  [3].
3. R esu lts  a n d  d is c u ss io n
C onsidering the d iffe ren t v a lu es  o f  p h y sica l param ete rs  the 
primary and seco n d ary  v e lo c ity  p ro file s  are show n  in F igu res
1-6 f  igures 7, 8 p re sen t th e  x an d  r  c o m p o n en t o f  skin 
friction. T em p era tu re  and  co n cen tra tio n  p ro file s  are show n 
m Figures 9 and  10 re sp ec tiv e ly .
In F igure I, the  b ro k en  c u rv es  rep re sen t the e ffec t o f  
injection or b lo w in g  w h e re a s  th e  e ffec t o f  su c tio n  is 
represented by so lid  cu rv es . It is o b se rv ed  th a t the p rim ary  
velocity u d ec reases an d  seco n d a ry  v e lo c ity  w increases n ear 
the plate very  rap id ly  d u e  to  th e  e ffec t o f  suction  velocity . 
However, seco n d a ry  v e lo c ity  d ec rea se s  as w e g o  aw ay  from  
the plate. F o r s tro n g e r h ea t so u rce , th e  p rim ary  v e loc ity  o f  
the fluid ad jacen t to  th e  w all ex c e e d s  th e  w all v e lo c ity  both 
lor suction and  in jec tion . In F ig u re  2 , so lid  cu rv es rep resen t 
velocity co m p o n en ts  in p re sen ce  o f  fo re ig n  sp ec ies such  as 
Ho, 112O, NFl^ and  C O 2 fo r  su c tio n  (a > 0 ) an d  broken  cu rves 
represent p rim ary  an d  se c o n d a ry  v e lo c ity  co m p o n en ts  in 
presence o f  fo re ig n  sp ec ie s  fo r  in jec tio n  ( a  < 0), P rim ary  
velocity d ecreases from  ce rta in  v a lu e  on  th e  p la te  w hereas 
^'Ccondary v e lo c ity  in c reases n ea r th e  p late. C o m p ara tiv e  
study o f  the cu rv e  rev ea ls  th a t v e lo c ity  o f  flu id  increases at 
each point w ith  d ec rea se  in Sc (L ig h te r  p a rtic les) fo r p rim ary  
velocity. T he rev e rsa l flo w  o c c u r in case  o f  seco n d ary  
velocity co m p o n en t d u e  to  C O 2 {Sc =  0 .9 4 ).
%t
Figure I. Velocity profiles against /; for a  = 0, * 0 71, « 0.22, N
= 2 0, A/r -  0 2, w = 0 2, flf = + 0 5 — a * 0.5 —  a = -  0.5 values of 
s for curve A 0, B ^ 0 5. C = 1.0. D = -  1.0.
Figure 2. Velocity profiles against 7  for a  -  0, /*r -  0.71, ^  -  2. Ml -  
0 .2 , m * 0 .2 , A “  ± 0 .5 , j » 0, —  a  < 0 -  a  > 0 values of &  ft»r dirve 
A -  0 22, B * 0.6. C -  0.78, D -  0.94.
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Figure 3. Velocity profiles against i; for a  -  0, .t -  0, /*r = 0 71, T
Sc * 0 22, iW/ = 0 2, m =«= 0 .2 , a -  ± 0.5, a > 0 j  < 0 values of Figure 5. Velocity profiles against w for or «= 0 0, j  0 5 /*r * 0 71
V -  0 5. -  ± 0.5, — fl > 0 —  fl < 0. A// ® 0 2, HI =* 0.2. Values ol
Sc for curve A >= 0.22, D = 0 60. C -  0 78, D 0.94
N for curve A 2.0, D I 0, C 0 0, D -  -0  5.
„ „  ^ V  , . . . .  F * * " "  6. Velociiy profiles against i; for a - 0.0. />r -  0.71, S - 0.5,c  n 7 for a  -  0, s .  0 5, />r = 0 .71, *  = 0 22, = 2 0. a  = 0.5. m -  1.0. -  Afr -  0.5 for diflerent values of
r V  r ^ —  fl > 0 fl < 0 values m. Curve A = 0.2, B «  0.5, C  -  1.0, D  »  3.0. — - w -  0.2 for differtnl
0 for curve A  *  2.0, B «  I .O, C  = 0.0, D «  -0 .5. values o f  Mt. Curve E *  0 2, F *  0.4, G  »  0,5, H  •  1.0.
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Figure 7 (a). x and z components of skin friction against Hall parameter Figure 8. Temperature profiles against for /*r « 0 71, — j  -  0, —  j
(m) -  1 0 . j  -  0 5, Pr -  0 71, 5c -  0 22. yv -  2 0. a -  0 5. Values of =1 j  = -  I Values of a for curve A » 0.5. B » 0.0. C -  0.5.
Mt lor curve A - 0  2, D - 0  4, C = 0 5, D - 0  6 . F -- 0.8, F = I 0.
J
u
MtHgure 7(b). x  and z  Components o f  skin friction against hydromagnetic Figure 9. Species concentration profiles against rj. Values o f  5r for
parameter {Mt). o  « 1.0, j  «= 0.5, /»r -  0.71, St -  0 22. V -  2.0. a -  0.5 curve A -  0.22, B ■» 0.6, C -  0 78, D -  0.94. a « -  0.5 — a -  0.0 —
Values of m for curve A « 0.0. B -  1.0, C * 2 0. D « 3.0, E « 4.0 . « » 0.5 ......
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F ig u re  3 ( fo r  5  = 0 ) a n d  F ig u re  4  ( fo r  s =  0 .5 )  e x h ib it 
th e  e ffe c t o f  b u o y a n c y  ra tio  p a ra m e te r o v e r  th e  flo w  fie ld . 
T h e  d isc u ss io n  h a s  b een  ca rr ie d  o u t fo r =  0  re p re se n tin g  
n o  sp ec ie s  d iffu s io n , iV > 0  fo r  b o th  th e rm a l a n d  c h em ica l 
d iffu s io n  c o m b in in g  to  d riv e  th e  flow  an d  N <0  re p re se n tin g  
th e  c h e m ic a l an d  th e rm a l e ffe c ts  as o p p o s e d  to  each  o th e r . 
F o r p o s itiv e  v a lu e s  o f  N, th e  m a g n itu d e  o f  p rim a ry  an d  
se c o n d a ry  v e lo c ity  c o m p o n e n ts  a re  m o re  c o m p a re d  to  /V =  
0  an d  < 0. C o m p a r in g  th e  cu rv e s  o f  F ig u re s  3 an d  4 , w e  
c o n c lu d e  th a t in p re sen ce  o f  h e a t so u rce , th e  p a ra m e te r  
m a g n i tu d e  o f  b o th  p r im a ry  a n d  s e c o n d a r y  v e lo c i ty  
c o m p o n e n ts  d ec re a se s . T h e  rev e rsa l flo w  o c c u r  in th e  ca se s  
o f  A^  = -  0 .5 . T h is  re su lts  fro m  a v e ry  c o m p lic a te d  in te rac tio n  
o f  th e  tw o  b u o y a n c y  e ffe c ts  th ro u g h  v e lo c ity  on  th e  d iffu s io n  
m ech a n ism .
F o r a id in g  e ffe c ts , d e c re a s in g  S ch m id t n u m b e r in c rea se  
th e  v e lo c ity  lev e l an d  its e x te n t (F ig u re  2 ). F o r o p p o se d  
e ffec ts , v e lo c itie s  a re  m u c h  lo w e r an d  less fo r  d e c re a s in g  
S c h m id t n u m b e r (F ig u re  5). A n o th e r  in te re s tin g  re su lt is th e  
la rge  d is to rtio n  o f  v e lo c ity  f ie ld  c a u se d  by  d e c re a s in g  v a lu e s  
o f  N {N -  -  0 .5 ). N e g a tiv e  v a lu e s  o f  v e lo c ity  a re  p re d ic te d  
in th e  o u te r  b o u n d a ry  reg io n  foi sm a lle r  v a lu e  o f  Sc fo r 
n e g a tiv e  N. T h is  re su lts  from  th e  in c o m in g  flow  firs t 
e x p e rie n c in g  th e  n e g a tiv e  b u o y a n c y  e ffe c t o f  the  th ic k e r  
.species d iffu s io n  layer. T h e  flo w  is e v e n tu a lly  d raw n  u p w ard  
by th e  c o m b in e d  ac tio n  o f  th e rm a lly  c a u se d  b u o y a n c y  and  
th e  sh e a r th a t re su lts  th e re fro m .
T he  m a g n itu d e  o f  p rim a ry  v e lo c ity  c o m p o n e n t d e c re a se s  
in  p re se n c e  o f  b o th  h e a t so u rc e  p a ra m e te r  an d  n e g a tiv e  
b u o y a n c y  p a ra m e te r  an d  th e  d e c re a se  is m o re  fo r  lig h te r  
p a rtic le s . (F ig u re  5). R ev e rsa l e ffe c t is o b se rv e d  fo r C O 2 in 
case  o f  se c o n d a ry  v e lo c ity  c o m p o n e n t.
T h e  d e p e n d e n c e  o f  p rim a ry  an d  se c o n d a ry  v e lo c itie s  on 
h y d ro m a g n e tic  p a ra m e te r  Mt (b ro k e n  c u rv e s )  an d  H all 
p a ra m e te r  m (so lid  c u rv e s )  a re  sh o w n  in F ig u re  6. F low  a lo n g  
JT a x is  te n d s  to  d is a p p e a r , w h ile  th e  in d u c e d  flow  a lo n g  2  ax is  
d e v e lo p s  w ith  in c re a s in g  h y d ro m a g n e tic  p a ra m e te r  {Mt). 
T h e  X c o m p o n e n t o f  v e lo c ity  is m o d ified  an d  is m o n o to n ic a lly  
d e c e le ra te d  d u e  to  an  a c c e le ra tin g  fo rce  w h ich  ac ts  in th e  
d ire c tio n  p a ra lle l to  jr ax is . T h ic k e n in g  o f  p r im a ry  v e lo c ity  
la y e r  is o b se rv e d  w ith  in c re a s in g  H all p a ra m e te r . T h e  
in d u c e d  f lo w  a lo n g  th e  z ax is  b e g in s  to  d e v e lo p  as m 
in c re a se s  fro m  z e ro  an d  fo rm  a  m a x im u m  p ro f ile  a t w  =  1.0 
(w e a k ly  io n ized  g as) . F o r a  la rg e  v a lu e  ofm {m >  1) th e  flow  
te n d s  to  d isap p ea r. T h e  m ax im u m  p o in t o f  s e c o n d a ry  v e lo c ity  
p ro f ile  te n d s  to  sh if t a w a y  fro m  th e  flar p la te  as ^he H all 
p a ra m e te r  in c rea se s .
Temperature distribution :
F ig u re  8 sh o w s th e  te m p e ra tu re  d is tr ib u tio n  w ith  re sp e c t to  
d if fe re n t v a lu e s  o f  tra n sp ira tio n  p a ra m e te r  fo r  a  >  0 , o  <  0 
(p o ro u s  w a ll)  a n d  a  =  0  (s o lid  su rfa c e )  a n d  h e a t so u rce  
p a ra m e te r . A n  in c rea se  in th e  v a lu e  o f  tra n sp ira tio n  p a ra m e te r
in d ic a te s  th in n in g  o f  th e rm a l b o u n d a ry  la y e r  a t  a ll p o in ts  of 
th e  flo w  fie ld  f ro m  th e  m a x im u m  v a lu e  a tta in e d  a t  th e  wall. 
T h e  h e a t so u rc e  b r in g s  a b o u t  a  te ih p e r a tu r e  in c rea se  
th ro u g h o u t th e  e n tire  b o u n d a ry  lay e r . F o r  s t ro n g e r  s o u rc e  the 
te m p e ra tu re  o f  th e  f lu id  a d ja c e n t to  th e  w a ll m a y  e x c e e d  the 
w a ll te m p e ia tu re .
Concentration distribution :
F ig u re  9  sh o w s  th e  c o n c e n tra t io n  d is tr ib u tio n  fo r  the 
tra n sp ira tio n  p a ra m e te r  a  =  -  0 .5 , a = 0 .5  (p o ro u s  w a ll)  and 
<3 =  0  (so lid  su r fa c e )  in th e  p re s e n c e  o f  d if fe re n t  d iffu s in g  
sp e c ie s  su ch  as  H 2 , H 2O , N H 3 a n d  C O 2 (Sc =  0 .2 2 ,0 .6 0 ,0 .7 8  
an d  0 .9 4 ). T h e  c o n c e n tra tio n  a t a ll p o in ts  in th e  f lo w  field 
d e c re a se s  fo r  th e  u n ifo rm ly  h e a te d  p la te . A  c o m p a ra tiv e  
s tu d y  o f  c u rv e s  in th e  a b o v e  f ig u re  sh o w s  a  d e c re a s e  in 
c o n c e n tra tio n  a t a ll p o in ts  w ith  an  in c re a se  in  S ch m id t 
n u m b e r (h e a v ie r  p a r tic le s )  f ro m  th e  m a x im u m  v a lu e  a tta ined  
a t th e  w a ll. T o  b e  p re c ise , th in n in g  e f f e c t is o b se rv e d  for 
h e a v ie r  p a rtic le s  a n d  f in a lly  su c tio n  p a ra m e te r  r e d u c e s  the 
sp e c ie s  c o n c e n tra tio n  w h ile  in je c tio n  p a ra m e te r  in c re a se s  it.
It is a lso  im p o rta n t to  k n o w  th e  e f fe c t o f  p h y ^ c a l 
p a ra m e te rs  Sc, N, s, a, Mt an d  m on  sk in  fr ic tio n  fro m  these 
re la tio n s .
and
r  rw (30)
(31)
w h e re  an d  r,u a re  re s p e c tiv e ly  th e  jc a n d  z c o m p o n e n t of 
sk in  fr ic tio n  w ith_ 2V2 (V^a)//A2a^3 (V2a)
( />r -  t)W A 2„,4 ( V 2 fl)  W/»2a.2 (
[ ^ a )H h 2„ , i [42a) 
\sc-\)H h2„,^{42a)H h2„^2{42^a)







( P r - l ) 2 ( l  + m 2 )W ft2 « * 4 (V 2 a )
l^h2a+j{42a)Hh2a+i[-J2Pra)
Hh2„,2{4T^a)Hh2„.3{42PFa)
A 42P?H h2a,,{42PFa)H h2„,2 .A't^‘ ')
{Pr -1)2(1 + m2) W/»2 „*i [■ j2P?a)Hh2a^2s^i{4^a]
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W/J2a t2 (V 2 7 V fl) Hhi„ , 3 ( V 27V fl)
4mj2PFHh2„^s{^/2P?a)Hh2„,i.,\{yf2^a)
~{\ + m^){Pr-\y- Hh2a, 1 (>/2^a)W/i2„, j , .2 (
4 m A ' V 2 / / / i 2 „ + 4 ( V 2 S t f l )
(l + m2)(Sc-l)2 Hh2a .^j{-J2Sca)
Hh2a,i{j2a)Hh2^^^{.j2^a)
W / » 2 a . 4 ( ^ / 2 a ) W ^ „ , 2 ( ^ / 2 & f l )
A m N jl^H hia^i (y/2^a)
(1 +  m2 )(S c  - 1  )2 / / / i 2 „ + 2  {■<J2Sca) 
1 6 m V 2 W /i2 „ + 4 (V 2 ^ o )
+(yW f)
Hh2q,y{.j2a]Hh2„^n[-j2P?a) 
Hfhu*l{'l2- Pra)Hh2 a^ y [-J1 Pra)
\6m^JTP?Hh2„,2 (>^7V a)///j2o+2»+i ( > / ^ a )
(1 + m2 )2 ( Pr -1)3 W/,2„, s{yl2P?a)Hh2q^2s*:>[J^a)
l6 m ^ V 2 W //2 „ , . , ( V 2 & a )
^ ('lfm2)2(iV-l)3W/;2a^4(V^2a)
/y //2 „^7 (V 2 a)W A j„^7 (> /2 S F a ) 
///72«.2 ( V 2 ^ a )  W/»2„+3 ( V 2 ^ a )
16 m ^  7 2 * / / / t2„ , 7 ( T 2 * « )
(1 + m2 )2 ( *  -  1)3 ,2 (72*a)
It is e v id e n t from  eq s. ( 3 0 - 3 3 )  th a t th e  c o m p o n e n ts  o f  sk in  
fr ic tio n  a re  p ro p o rtio n a l to  c o m p o n e n ts  o f  v e lo c ity  g ra d ie n t 
at the  su rface  o f  th e  p la te . N u m e ric a lly , x an d  r  c o m p o n e n ts  
o f  sk in  fr ic tio n  arc  ca lc u la te d  u s in g  d if fe re n t v a lu e s  o f  
p h y sica l p a ram e te rs . A s b e fo re , h e re  a lso  w e  re s tr ic t o u r
Table I. Numerical values ol x and r components of skin friction for 
dilTcrent values of .s at /V ~ 0 71 and Sc ~ 0 22
(3 3 )
a .V
a 1) 5 Li -  - 0  5 r/ -  0 5 a -  -0.5
1 - 1 0 -2 8320 -0 8040 0 0421 0 0589
0 0 4 791 3 220 0 0.392 0 0473
0 s 5 028 3 657 0 0328 0 0297
1 0 - 5 251 4 056 0 0268 00136
(3 2 )
( 1 + m 2 ) ( P r - l ) 3 / / A 2 „ ,4 ( V 2 « )
d iscu ss io n  to  Pr 0 .7 1 . (V a lu e s  o f  P ran d tl n u m b e r  fo r  a ir  
a t 2 0 ‘"C). W e m ay  c o n c lu d e  th a t .v an d  2  c o m p o n e n ts  o f  sk in  
fr ic tio n  d ec rea se  w ith  in c rease  in h ea t so u rc e  p a ra m e te r  fo r  
bo th  su c tio n  and  in jec tio n  (T ab le  I ). T h e  .v c o m p o n e n t o f  
sk in  fr ic tio n  d ec re a se s  fo r  d iffu s io n  o f  h e a v ie r  p a r tic le s  bo th  
fo r  su c tio n  and  in jec tio n  (e x c e p t fo r  C O ^) /'e . v e lo c ity  
g rad ien t at th e  su rface  d ec re a se s  m o re  in p re se n c e  o f  h e a v ie r  
p a rtic le s  th an  in lig h te r p a rtic le s  (T a b le  2 ). H o w e v e r, th e  z 
c o m p o n e n t o f  sk in  fr ic tio n  in c rea se s  o w in g  to  in c rea se  in 
sp ec ie s  co n c e n tra tio n  (e x c e p t fo r  C O 2 ).
T ab le  3 sh o w s d ec re a se  in th e  x an d  z c o m p o n e n ts  o f  sk in  
fr ic tio n  w ith  d ec re a se  in b u o y a n c y  ra tio  p a ra m e te r  b o th  fo r 
su c tio n  and  in jec tio n  in ca se  o f  su d d e n ly  h e a te d  p la te  an d  
u n ifo rm ly  h ea te d  p la te . P h y s ica lly  th is  m e a n s  th a t flu id  
v e lo c ity  in c reases  d u e  to  the  c o m b in e d  a c tio n  o f  c h e m ic a l 
an d  th e rm a l d iffu s io n  an d  v e lo c ity  d e c re a se s  w h e n  b o th  
e ffec ts  o p p o se  each  o th e r.
In o rd e r  to  s tu d y  th e  e ffe c t o f  h y d ro m a g n e tic > p a ra m e te r 
an d  H all c u rren t on  th e  sk in  fr ic tio n , th e  c o e ff ic ie n ts  o f  sk in  
fr ic tio n  are  p lo tted  in F ig u re  7 (a )  an d  F ig u re  7 (b ) . It is sh o w n  
th a t X c o m p o n e n t o f  sk in  fr ic tio n  d e c re a se s  m o n o to n ic a l ly  
u p  to  m 1.0 an d  th en  in c rea se s . O n  th e  o th e r  h a n d , th e  z 
c o m p o n e n t o f  sk in  fr ic tio n  h a s  a  m a x im u m  fo r  a  p a r tic u la r
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Table 2. N um erical values o f  x and r  com ponent o f  skin friction for 
different values o f  .SV, at /V  0.71. /V = 2 0
Table 3. Numerical values o f  x and r components o f  skin friction for difTcreni values o f  A', (he buoyancy ratio parameter at /’r > 0 .7 1. »  0.22.
a - +0 5 a -- ~oT : = 0 5 a - -0.5
0 -1 .0  0 2 2  0 2 6 8 1  2 4579 0 1036 0 2072
0 60 0 3477 2 0533 0 1104 0 2265
0 78 - 0  6123 17991 0 1210 0 2238
0 94 0 8334 2 9029 0 0521 - 0  7366
0 -0  5 0 22 -0  2052 0 7809 0 0883 0 1250
0 60 -0  8211 0 3763 0,0951 0 1443
0 78 1 0 8 5 6  0.1221 0 1056 0 1416
0 94 -1 .3 0 6 8  1 2 2 5 9  -0  0674 - 0  8088
0 0 0 0 22 10995  0 3140 0 0592 0 0713
0 60 - 1 7154 0 7186 0 0660 0 0906
0 78 I 9800 - 0 9728 0 0766 0 0879
0 94 2 2011 0 1 3 0 9  0 0964 - 0  8725
0 0.5 0 22 140 0 2  -1 2 6 3 1  0 0495 0 0248
0,60  2 0161 166 7 7  0 056^ 0 0441
0 78 - 2  2806 -1 9 2 1 9  0 0668 0 0 4 1 4
0 9 4  2 5018 -0 8 1 8 1  - 0  1062 -0 9 1 9 0
0 1 0  0 22 17344  2 0905 0 0386 -1 .5 7 2 2
0 60 2 3503 2 4951 0 0454 0 0035
0 78 2 6149 2 7493 0 0560 0 0087
0 9 4  2 8361 1 6 4 5 6  - 0 I I 7 I  - 0  9596
value o f  ///. M ax im u m  v a lu e  o f  sk in  fr ic tio n  ten d s  to sh ift 
aw ay  from  the p la te  as m ag n e tic  in te rac tio n  p a ra m e te r 
in creases (F ig u re  7 (a)). F o r sm all v a lu es  o f  A//, th e  m a x im u m  
sk in  fr ic tio n  is o b ta in ed  w h en  v a lu e  o f  /;/ is c lo se  to  u n ity , 
w h ich  is a lso  p red ic ted  in the  w o rk  by N aru se  f l8 ] .  x an d  
z co m p o n en ts  o f  sk in  fric tion  inc rease  sh a rp ly  w ith  in c reas in g  
m ag n e tic  in te rac tio n  p a ra m e te r iip to  Mt ^  0 .5  and  a fte r  th a t 
in c reases g rad u a lly .
In l a b i c  4. and  z c o m p o n e n ts  o f  sk in  fr ic tio n s  a re  
tab u la ted  fo r rev e rsa l flow  (A^  -  0 .5 ). T h e  v c o m p o n e n t o f
sk in  fr ic tio n  in c rea se s  bo th  fo r  su c tio n  an d  in jec tio n  w ith  
in c rease  in sp ec ie s  co n c e n tra tio n , w h e re a s  z c o m p o n e n t 
d ec rea se s  bo th  fo r su c tio n  an d  in jec tio n  w ith  in c rease  in 
sp ec ie s  c o n c e n tra tio n  (ex cep t fo r  C O ^).
4. Conclusions
T h e  ab o v e  stu d ies  on u n stead y  flow  o f  v isco u s in co m p ress ib le  
c o n d u c tin g  flu id  p ast an a c c e le ra te d  v e rtic a l p o ro u s  p la te , 
w ith  a h ea t so u rce  em b e d d e d  m a u n ifo rm  m a g n e tic  field  
in p re se n c e  o f  fo re ig n  sp e c ie s  lead s to  th e  fo llo w in g  
c o n c lu s io n s ’
1. O n in c rea s in g  hea t so u rce  p a ra m e te r , th e  m a g n itu d e  
o f  b o th  p rim a ry  an d  se c o n d a ry  v e lo c ity  in c reases. F o r 
s tro n g e r  so u rc e , th e  v e lo c ity  o f  th e  flu id  a d ja c e n t to
s
■♦■0.5 a ™ -0.5 a  “  0.5 ‘ -0.5
-1 0 2 0.2681 2.4579 0 1036 0.2072
1 - 0  8576 1.5373 0.0860 0.1874
0 -1.9833 06167 0.0684 0.1676
0.5 ■ 2 5462 0.1565 00596 0.1576
0 2 - 1  0995 -0.3140 0.0592 0.0713
1 -2  2253 -1.234 0.0416 00515
0 "3.3510 -2 155 0.0240 0.0317
-0  5 -3 9139 -2.6155 0.0152 0.0217
0 5 2 -1 4002 -1.2631 0.0495 0.0248
1 -2 5259 -2 1837 0.0319 0.0050
0 -3 6517 3 1042 0.0143 - 0  0148
-0 5 4.2145 ■ 3 5645 0 0055 -0.0247
1.0 2 -1.7344 -2  0905 0.0386 -0.0157 \
1 -2.8602 -3 0111 0 0 2 1 0 -0.0355
0 -3 9859 -3.9317 0 0034 -0.0553
-0  5 -4 5488 -4  3920 -0  0053 -0 0653
0 2 -4  7918 -3 2202 0.0392 0.0473
1 -4.1953 -2  6731 0 0281 0.0350
0 -3.5987 -2  1259 00170 0 0228
- 0  5 -3 3005 -1 852 00114 00166
0 5 2 -5 0286 -3.6573 0 0328 0.0297
1 -4 4321 -3 1102 00217 0.0174
0 ■3 8355 -2.5631 0.0106 0.0051
-0.5 -3 5373 -2.2895 0.00505 -0 0009
1 0 2 -5 2517 -4.0563 0 0268 0.0136
1 -4.6551 -3 5092 00157 0013
0 -4 0551 -2.9621 0.0045 -0109
-0 5 -3 7603 -2.6885 -0.0009 -.0170
1 2 -4.3233 -2.1718 0519 .0896
1 -3.7268 -1.6247 0407 0773
0 -3.1302 - 1  0776 .0296 .0651
-0  5 -2.8320 -0.8040 .0241 0589
the wall exceeds the wall velocity both for suction and 
injection.
2. Primary velocity in case of both suction and injection 
increases for lighter particles and a reversal flow 
occurs in secondary velocity in case of foreign
species CO2 (Sc = 0.94).
3. Above development casts the multiple buoyancy 
mechanism in vertical flow into a convenient similarity 
form. Calculations indicate many compUcated
Hall effect with simultaneous thermal and mass diffusion etc 47
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in te ra c tio n s  w h ic h  a rise  in su ch  f lo w s  in c lu d in g  
re v e rsa l f lo w s . It is a lso  o b se rv e d  th a t o p p o s in g  
e ffe c ts  g re a tly  d is to r t th e  v e lo c ity  d is tr ib u tio n .
4. P rim ary  an d  se c o n d a ry  v e lo c ity  in c re a se  w ith  in c rea se  
in H all p a ra m e te r  a n d  fo r  la rg e  v a lu e s  o f  m th e  
in d u c e d  f lo w  a lo n g  z a x is  te n d s  to  d is a p p e a r.
5. F lo w  a lo n g  x a x is  te n d s  to  d is a p p e a r  w h ile  th e  
in d u c e d  flo w  a lo n g  x a x is  d e v e lo p s  w ith  in c re a s in g  
h y d ro m a g n e tic  p a ra m e te r .
6. T h e  sk in  f r ic tio n  c o m p o n e n ts  a n d  Uy,. d e c re a se  
w ith  in c re a se  in h e a t so u rc e  p a ra m e te r  b o th  fo r
su c tio n  an d  in jec tio n . F o r h e a v ie r  p a r tic le s , v e lo c ity  
g ra d ie n t at th e  su rfa c e  d e c re a se s  so  a lso  th e  sk in  
fr ic tio n  c o m p o n e n ts . S u c tio n  lead s  to  d e c re a s e  in sk in  
fric tio n  c o m p o n e n ts  w h ile  in je c tio n  lead s  to  in c rea se  
in sk in  fr ic tio n  c o m p o n e n ts . V e lo c ity  g ra d ie n t is 
la rg e r fo r th e  case  o f  c o m b in e d  e ffe c ts  o f  c h e m ic a l 
an d  th e rm a l d iffu s io n  th an  fo r th e se  e ffe c ts  o p p o s in g  
each  o th e r.
7. X an d  r  c o m p o n e n ts  o f  sk in  fr ic tio n  in c re a se  w ith  
in c rea se  in h y d ro m a g n e tic  p a ra m e te r  Mt.
8. X c o m p o n e n t o f  sk in  fr ic tio n  d e c re a se s  m o n o to n ic a l ly  
fo r  m o d e ra te  v a lu e s  o f  H all p a ra m e te r  an d  fo r  sm a ll 
v a lu es  o f  Mt, m a x im u m  v a lu e  o f  r  c o m p o n e n t o f  sk in  
fr ic tio n  is o b ta in e d  w h en  th e  v a lu e  o f  m is c lo se d  to  
un ity .
9. H eal so u rc e  b rin g s  a b o u t te m p e ra tu re  in c re a se  in th e  
flu id  lay er an d  fo r s tro n g e r  so u rc e , th e  te m p e ra tu re  
o f  flu id  lay er m ay  e x c e e d  th e  w a ll te m p e ra tu re .
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